The upcoming Galileo system opens a wide range of new opportunities in the Global Navigation Satellite System (GNSS) market. However, the characteristics of the future GNSS signals require the development of new GNSS receivers. In the frame of the REAGE project, DEIMOS and ISEL have developed a GNSS receiver targeted for aerospace applications, supporting current and future GPS L1 and Galileo E1 signals, based on commercial (or, in the furthest extent, industrial) grade components. Although the REAGE project aimed at space applications, the REAGE receiver is also applicable to many terrestrial applications (ground or airborne), such as Georeferencing and Unmanned Aerial Vehicle (UAV) navigation. This paper presents the architecture and features of the REAGE receiver, as well as some results of the validation campaign with GPS L1 and Galileo E1 signals.
INTRODUCTION
The Galileo system (Europe's global navigation system, currently being deployed) and GPS modernization will soon provide new signals (with increasingly complex modulations and multiplexing schemes) which will enable performance enhancements in terms of availability, accuracy, and interference robustness of GNSS measurements and positioning solutions.
Galileo's E1 signal (European Union, 2010 ) and GPS's modernized L1 signal (GPS Directorate, 2011b) , with their Multiplexed Binary Offset Carrier (MBOC) modulations, while not competing with Galileo's E5 signal (one of the most advanced and promising signals of the Galileo system), still provide a huge improvement in terms of precision and multipath robustness when compared with the current GPS L1 C/A and L2 C signals (GPS Directorate, 2011a) , while keeping the required receiver complexity at a considerably low level.
Galileo's Initial Operational Capability (IOC) is expected by mid-decade (18 satellites, with which early services to Europe can begin (ESA, 2013a) ) and Final Operational Capability (FOC) by 2020 (30 satellites, including 3 spares (ESA, 2013b)), while GPS modernization is ongoing and expected no sooner than 2025. With these parallel developments in mind and as a result of Europe's and USA's efforts towards Galileo-GPS interoperability, the future Galileo E1 and GPS L1 C signals will be compatible (Avila-Rodriguez, J. et al., 2007) , enabling receiver simplification and increased availability at a low cost.
In the scope of the REAGE project (funded by ADI, under the Portuguese QREN initiative, contract no. 21553), DEIMOS and ISEL have developed a low-cost experimental multi-system (Galileo and GPS) GNSS receiver for the L1/E1 band, targeted for use as a non-critical redundant sensor for space missions, but which can also be used for terrestrial (ground or airborne) navigation and positioning applications, such as Georeferencing and Unmanned Aerial Vehicle (UAV) navigation.
The REAGE project included the design and implementation of both RF front-end and baseband processor of a GPS/Galileo L1/E1 receiver, keeping it as flexible as possible to allow tradeoff analysis of receiver parameters and performances. The main purpose of this paper is to provide an overview of the REAGE receiver's architecture and functionalities.
Furthermore, the precision of a GNSS receiver's measurements depends, not only on the signal characteristics and DSP algorithms performance, but also on RF front-end characteristics, as overall noise figure, filter(s) bandwidth(s), ADC sampling frequency and local oscillator stability. Thus, this paper also addresses the impact of the RF front-end configuration on the quality of the GNSS receiver measurements.
Finally, results from validation tests in the GATE facility (a Galileo receiver test-bed based on Galileo pseudolites transmitting representative Galileo signals) are also presented in this paper, demonstrating the REAGE receiver's applicability.
THE REAGE RECEIVER PROTOTYPE
The REAGE project's primary goal was to build a space receiver for Low Earth Orbit (LEO) missions using available commercial grade (or, in the farthest extent, industrial grade) components. The selection criteria for the components and materials that compose each block of the receiver was based on an expected LEO mission duration of 7 to 10 years, which determines, for instance, the critical temperature constraints to guarantee operability, and also the fact that the receiver may accept gradual ionization energy deposit that eventually will lead to inoperability of the receiver at predicted End-Of-Life (EOL) stages. Space HW related features, as redundancy and remote re-configuration, were taken into account in the definition of the REAGE receiver architecture and may also be useful for terrestrial applications.
The REAGE receiver, whose architecture is illustrated in Figure  1, The RF Core and Rx Core are further detailed in the following sections.
RF Core
The RF Core includes the receiver front-end and a Controller Area Network (CAN) interface, for communication with external systems (e.g. the satellite's on-board computer, external sensors or testing equipment).
The RF Core's front-end is based on a System-on-Chip (SoC) from Maxim IC, the MAX2769 (Maxim Integrated, 2010), and was selected taking into account the REAGE receiver's requirements. This chip has a complete receiver chain, including: Figure 2 shows the developed RF Core prototype, which includes the RF front-end, based on the MAX2769 chip, as well as a CAN interface. The RF front-end includes two antenna inputs (one for active antennas and another for passive antennas) as well as a digital interface to use with external processing units (used to program the front-end as well as to send the digitized data to the base-band processor). 
Rx Core
The baseband processor (Rx Core in Figure 1 The MicroBlaze (MB), a soft micro-processor on which the receiver firmware runs.
Supported Signals and Outstanding Features
The REAGE receiver supports current (legacy) and modernized GPS L1 civil signals (i.e. C/A and C) and Galileo E1 open service signals (i.e. B and C (European Union, 2010)).
Its Rx Core features programmable digital input filters, 16 independent and slavable HW channels (one "master" channel can be used to control other "slave" channels) -with code and carrier NCOs, mixers, primary and secondary code generators and 5 complex correlators each, for a total of 80 complex correlators -, and an embedded microprocessor (in charge of overall receiver control, acquisition, tracking loop closure, measurement generation, and navigation solution computation). The slavable and flexible GNSS channel design allows, for example, both pilot and data channels (when available, as is the case for GPS L1 C and Galileo E1 signals) to be processed coherently, or the extension of the delay line used to process each (or a particular) satellite (i.e. assigning more than 5 correlators to a satellite).
Furthermore, the REAGE receiver includes redundancy for some critical components and the ability of self-programming (in case the FPGA's bitstream becomes corrupted -due to radiation or any other reason -or if remote reconfiguration and/or updates are required). 
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TEST RESULTS
The REAGE receiver was tested in both static and dynamic (airborne) scenarios and for GPS L1 C/A and Galileo E1 signals. The aim of the tests was to do a preliminary assessment of the precision of the receiver's measurements as well as of its positioning solution for these scenarios. Due to the currently limited visibility of Galileo satellites, the positioning performance tests with Galileo signals were done at the Galileo Test Range (GATE). The GATE test-bed features eight ground transmitters (pseudolites), emitting Galileo signals (fully compliant to the Galileo OS ICD specification, apart from minor differences in the navigation message contents) into the test area in the region of Berchtesgaden (in Germany).
At the time of writing, flight tests with the REAGE receiver onboard a UAV were not yet possible, therefore IF signals were recorded and later fed to the receiver for processing. GPS L1 and Galileo E1 signals were collected during the flight tests of the Portuguese Air Force's Alfa Extended UAV.
Two sets of test results are presented in this paper: results obtained in laboratory using GPS L1 C/A signals, for overall REAGE receiver validation and assessment of code tracking precision, and results obtained using GPS L1 C/A and Galileo E1 B signals collected at the GATE test-bed during flight tests.
Code Tracking Performance
The REAGE receiver was used to process GPS L1 C/A signals collected with a roof antenna at DEIMOS Engenharia's premises. For the purpose of performance comparison, three different RF front-end configurations were defined: a low bandwidth configuration (2.5 MHz, the default configuration for the MAX2769 RF Front-end), a higher bandwidth configuration (8 MHz), and an intermediate bandwidth configuration (4.2 MHz). An IF frequency of 4 MHz and a sampling frequency of 16.368 MHz (default values for the MAX2769) were used for all tests. The correlator spacing was set to 1 sample (equivalent to 0.0625 chip for GPS L1 and Galileo E1 signals). Figure 5 and Figure 6 show the (theoretical) Auto-Correlation Functions (ACFs) for the different bandwidths and signals. It can be seen that decreasing the bandwidth, besides implicating a loss of correlation power (more evident for the Galileo E1 signal due to its higher bandwidth), causes a rounding of the ACF peak. This reduces the receiver's tracking loops sensitivity, translating into higher measurement noise. Conversely, higher bandwidths, besides reducing correlation power losses due to filtering, enable a clearer discrimination of the ACF peak, decreasing measurement noise. Figure 7 illustrates the distribution of the obtained code tracking errors for GPS L1 C/A for the different bandwidths (maximum, minimum, mean and quartiles, red circle is an identified outlier and was ignored). As expected, higher bandwidths are associated with lower code measurement noise (on average). It can be seen that the average code tracking noise drops from 3.3 m, for 2.5 MHz bandwidth, to 2.1 m, for 4.2 MHz, and 1.75 m, for 8 MHz. It can also be seen in Figure 7 that the improvement from increasing the front-end bandwidth from 4.2 MHz to 8 MHz is less evident than when the bandwidth changes from 2.5 MHz to 4.2 MHz. This is also expected since the bandwidth of the GPS L1 C/A signal is only around 2 MHz. This could also be expected from the analysis of Figure 6 , which shows that the shape of the ACF is similar for both 4.2 MHz and 8 MHz of bandwidth. However, for the case of GPS L1 C or Galileo E1 signals, whose bandwidth is around 16 MHz (although most of the power is concentrated in a bandwidth of 4 MHz), the improvement is expected to be more evident than for GPS L1 C/A signals, which is also suggested by Figure 6 .
Based on the results presented above and on the Galileo E1 signal characteristics (CBOC(6,1,1/11) modulation), it was expected that Galileo performances, in terms of code measurements noise, would outperform the ones for GPS L1 C/A by a factor of at least 3, as confirmed in other studies as the ENCORE project (Silva, P, et al., 2011) , where measurement noise as low as 13cm has been reported. 
Flight Trials
Due to the low elevation of the Galileo pseudolites and the dynamics of the airborne scenario (frequent attitude changes which resulted in pseudolite masking), various losses of lock prevented an acceptable positioning solution from being reached for Galileo E1 signals. Therefore, positioning performance assessment with Galileo E1 signals was not possible. Nevertheless, real Galileo E1 signals were tracked and positioning results were attainable for GPS. Table 1 summarizes the RF Front-End and receiver configurations used in the flight trials. A serial search algorithm was used for acquisition, while for tracking a 2 nd order PLL (for the carrier) and a 2 nd order PLL-aided DLL (for the code) were used. Figure 8 shows the UAV and the team involved in the flight trials at the test site. Figure 9 shows the visible GPS and Galileo satellites at the time of the test. Figure 10 shows the estimated Doppler for the signals which were successfully acquired and tracked by the receiver during the flight trial. The following should be noted:  Before take-off, the receiver performed an initial search for all visible satellites. Since L1 SVID 21 was not found in the initial search (nearby trees may have obstructed visibility), this satellite was excluded from the acquisition search grid during the flight.  During preparation for take-off, the GNSS antenna was obstructed several times and, because of this, some signals needed to be re-acquired (this was the case of L1 SVID 6 which was re-acquired after take-off).  For L1 SVID 16 and E1 SVID 11 signals, tracking was lost during flight. This was probably due to the UAV manoeuvres (roll), which may have caused the signal to be obstructed by the wings.  The UAV's dynamics resulted in Doppler variations with amplitudes up to 200Hz in about 10 seconds for the case of E1 SVID 11 (see Figure 11) . Simultaneously, there are also variations in the estimated C/N 0 , probably due to both dynamic stress (affecting the quality of C/N 0 estimation) and antenna gain variations due to changes in the UAV roll angle. Figure 11 . Doppler, C/N 0 and code error for E1 SVID 11. Table 2 shows the elevation angle, estimated C/N 0 and estimated code error (computed as the difference between the code and carrier phase measurements) for all visible satellites. Figure 12 shows the estimated code error versus the estimated C/N 0 . As expected, the higher the C/N 0, the lower the code error. The code error for the Galileo signal is also lower than the code error for GPS signals (with similar elevation angles and C/N 0 ). However, the observed performance improvement when using Galileo E1 was not as high as initially expected (the code error for E1 SVID 11 is less than 20% better than for L1 SVID 16), which could be explained by:  The low pre-correlation bandwidth (4 MHz), which does not enable the full potential of E1 signals;  Modifications made to the receiver to support a dynamic environment (including larger PLL bandwidth, use of a 2 nd order DLL, and different correlator spacings), which may not be optimized for Galileo E1 signals (further tuning will be made in future tests).
Parameters
The position solution obtained for a period of the flight test (several figure-eights) is shown in Figure 11 . 
CONCLUSIONS
DEIMOS Engenharia and ISEL have developed a low-cost experimental multi-system (Galileo and GPS) GNSS receiver for the L1/E1 band, targeted for use as a non-critical redundant sensor for space missions but that can also be used for terrestrial applications (e.g. photogrammetry, UAV navigation), which relies on commercially available components. This paper presented the architecture and main functionalities of the REAGE receiver, which supports current and future GPS L1 and Galileo E1 signals and whose flexibility makes it also useful for R&D activities.
Experimental results from a test campaign which included the processing of GPS L1 C/A and Galileo E1 signals in static and dynamic (airborne) scenarios, were also presented, demonstrating the applicability of the receiver and providing preliminary performance figures.
